Abstract
6 were sampled and analysed: 50 were of Barle heritage, and 50 were of Little Exe 175 heritage (Table 1) . Barle fish were sampled across three raceways whilst Little Exe 176 fish were sampled from two raceways. The mating design at the hatchery was such 177 that each raceway sampled contained the offspring from two females that had each 178 been paired with two males. In some cases a third male was utilised by hatchery staff 179 as a 'precaution'. No further information was recorded by hatchery staff regarding the 180 parental crosses. 181 182
Tamar catchment 183
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248
The data were screened for genetic irregularities, such as the presence of null alleles 249 or the violation of Hardy-Weinberg equilibrium (described below), which could affect the 250 results of further statistical analyses, e.g. measures of genetic diversity and 251 assessment of effective population size. 252
253
Two strains were analysed at each hatchery (Table 1) . At the Tamar hatchery two 254 raceways were sampled, each containing fish from a separate strain. At the Exe 255 hatchery two strains were maintained; one was sampled from across two raceways 256 (Little Exe), whilst the other (Barle) was sampled from across three raceways. Table  258 A.2) used in all quality control and genetic diversity analyses, were based on a 259 combination of hatchery records (Tables A.3 
Genetic diversity of parents/offspring

272
The number of alleles (Na), allelic richness (Ar), gene diversity (He) and inbreeding 273 coefficient (F IS ) were calculated in FSTAT v2.9.3.2 (Goudet, 1995) for the adults and 274 juveniles of each of the four hatchery strains. These measures of diversity were 275 compared between the adults and juveniles of each strain using the Shapiro-Wilk test 276 for normality and the Wilcoxon signed-rank test or paired t-test as necessary; all tests 277 were performed in SPSS v16 (Polar Engineering and Consulting, 2007). Sequential1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
288
Genotypes of all adults and progeny were collated in Excel and manually assigned. were employed to assess the effective population size (Ne (LD) While 88 -108 of the 153 pairs of loci analysed were found to be linked in each of the 332 juvenile samples, no linkage disequilibrium was found in the adult broodstock fish. 333
Given the lack of LD and conformity to HWE in the adult broodstock groups, LD and 334 HWE were not deemed to be of concern. 335 336
Genetic diversity
337
All data, with the exception of gene diversity, were normally distributed. Wilcoxon 338 signed-rank tests indicated significant declines in gene diversity (He) in all strains 339 between adults and juveniles ( Table 2) . A significant decline in allelic richness was 340 found between parents and offspring, while the number of alleles was significantly 341 lower in the juveniles of each strain in all except for the Lyd strain at the Tamar 342 hatchery. Contrastingly, F IS (inbreeding coefficient) showed no significant difference 343 between adults and juveniles in any of the strains (Table 3) . Pairwise F ST s within 344 hatcheries indicated no significant difference between the offspring and broodstock of 345 any strain, but highlighted the differentiation between offspring of different matings 346 within each hatchery (Table 4) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 11 female produced viable offspring with between one and three males and each male pairings were undertaken to produce the Barle hatchery strain, only four were 365 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 12 A.4). The remainder of the samples could be attributed to LC4 x LH2 (10%), LH1 x 393 LC2 (4%) and LC3 x LH2 (2%). 394 395
Effective population size 396
For each strain, the number of parents inferred through manual and statistical 397 parentage assignment based on genetic data closely resembled hatchery records. 398
However, estimates of effective population size -as computed by both the linkage 399 disequilibrium method (Ne (LD) ) and the sibship assignment method (Ne (SA) )-were lower 400 than the number of breeders (Nb, Table 5 ). Pairwise comparisons of Ne and Nb 401 indicated strong correlations, particularly between Ne (LD) and Ne (SA) ( Table 6 ). Ne for 402 the hatchery was estimated by Ne (SA) in Colony v2.0.1.4, and was lower for the Tamar 403 hatchery than the Exe, despite the use of an equal number of breeders at each 404 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 are not physically linked. Using a small number of broodstock is known to cause a 430 likely reduction in genetic diversity (Verspoor, 1988; Wang and Ryman, 2001 ), for 431 example, loss of alleles and increased inbreeding in a process resembling an artificial 432 bottleneck and founder effects (Cross & King, 1983) . Nonetheless, it is to some extent 433 possible to mitigate these effects by using appropriate mating design (Environment 434 Agency, 2011) and this will be discussed in due course. 435
436
The adult broodstock used at both the Exe and Tamar hatcheries showed gene 437 diversity (He) approximating to that of wild fish (Ellis et al., 2011), however, the 438 broodstock used had much lower values of allelic richness (Ar) than the wild 439 populations, in some cases by a factor of four. Additionally, the study of wild Tamar 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 family groups that constitute the strains, so the significance of this finding remains 466 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 above recommendations are for a greater number of productive broodstock than were 526 used in the Exe and Tamar hatcheries studied here; however, the reasons for selecting 527 so few broodstock were two-fold: (i) the desire not to over-sample from the resident 528 wild populations; (ii) logistics. 529 530 Consideration should also be taken as to the impact of removing potential breeding 531 adults from the wild; for example, Saltveit (2006) explained the value of using a surplus 532 of adults to produce smolts when the river is already at carrying capacity due to habitat 533 limitations. However, the Tamar and Exe rivers appear to not be achieving carrying 534 capacity (Environment Agency, 1997, 2003), so consideration must be given to the 535 negative impacts on resident populations when hatchery offspring are introduced -536 their reduced reproductive capability, survival and competitive ability are well 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 16 rearing also need to be considered; for example, fish in a hatchery will have a plentiful 540 supply of food and shelter from predation, both of which will allow more of these 541 (potentially disadvantaged) young to survive until the point of release into the wild 542
(Jonsson and Jonsson, 2009). 543 544
Each catchment will have its own issues, whether these are hydroelectric power and 545 limited suitable habitat (e.g. Saltveit, 2006) or pollution and degraded habitat, such as 546 the case in the Exe and Tamar catchments. When mitigating procedures are in 547 progress to improve the habitat, temporary supplementation may be appropriate, but 548 the necessity of long-term supportive-breeding in these catchments is questionable; we 549 suggest that hatchery programmes should be monitored and decisions taken on a 550
case-by-case basis. Assuming that stock enhancement is deemed to be an 551 appropriate management tool for a particular catchment, it is important to maintain the 552 genetic diversity of the hatchery strains created to reflect the overall diversity of the 553 catchment into which they are to be released. while Mace and Lande (1991) assumed Ne to be < 50% of census sample size. In the 562 current study Ne was found to be between 38.6% and 70% of the number of 563 contributing broodstock for the LD method and 57.1% and 100% using the SA method. 564
For the Little Exe strain, Ne was estimated at 2.8 using the LD method; this estimate is 565 lower than that found after 12 generations of captive breeding in Finland (Aho et finding that a ten-fold increase in founding Ne could instigate a 27% increase in allelic1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 17 and unrelatedness of breeders. Clearly, in the hatcheries studied (Exe and Tamar), the 577 low number of breeders is an issue. Lack of contribution, due to infertility, sperm 578 competition or genetic incompatibility, are factors that are rarely discussed, yet could 579 contribute to a reduction in Ne. Additionally, the differential behaviour of offspring 580 under hatchery conditions may bias the success of particular family groups leading to 581 lower estimates of Ne. All of these factors are relevant to the assessment of the 582 success of hatcheries in safeguarding both numbers and genetic diversity of fish in a 583 river, and warrant further study. Certainly, to rectify these issues, both hatcheries 584 studied here would benefit from more closely following Environment Agency protocols, 585 whereby sperm competition is eliminated and an increased number of cross-matings 586 occur through partial or full factorial mating. 587 588
Hatchery records 589
The Environment Agency in England provides guidelines on the number of wild fish 590 that each hatchery is allowed to catch annually for the purposes of supportive-591 breeding; rules for hatchery practices are not currently standardised and the Agency 592 regulates applications for supportive-breeding programmes on a case-by-case basis. 593
Both of the hatcheries studied work to these limits and accurate records are obviously 594 essential. Of the twelve parents genetically inferred to have contributed to the offspring 595 sampled from the Tamar hatchery, one individual was not expected to have contributed 596 to the sampled raceways based on the information obtained from the hatchery records. 597
At the Exe hatchery genetic analysis indicated that one additional (unsampled) fish was 598 used, while another which was recorded as having been used as broodstock, 599 apparently did not contribute at all; this latter fish may have died before it could be 600 stripped or been infertile. The analysis of parentage at both hatcheries highlights the 601 ability of genetic analysis to identify missing parents and to confirm or correct hatchery 602 records. Accurate knowledge of numbers of broodstock fish used is thus essential both 603 for maintaining genetic diversity and conforming to legal requirements. 604 605
Management implications and conclusions
606
The purpose of this study was to evaluate the success of the processes used in two 607 working salmon hatcheries in South West England, specifically, to assess the ability of 608 hatchery processes to replicate the genetic diversity of their respective adult1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   18   613 The decision as to whether (or not) supplementation of any kind is required, as well as 614 amendments as to how the practice should be conducted, must be decided on a case-615 by-case basis, with due consideration of local guidelines and legislation. This study 616
was not designed to address the matter of whether or not supplementation should be 617 carried out but to advise on best practice if supplementation is deemed necessary. 618
The two English catchments studied here demonstrate that one-generation supportive-619 breeding programmes result in juveniles with a -in some cases-considerably reduced 620 appropriate pairing designs within a hatchery and in the current study sensible 627 polygamous breeding designs were followed; however, it seems this practice was not 628 sufficient to maintain the genetic diversity of the resulting offspring. Thus, to ensure a 629 more balanced contribution it may be necessary to reduce in-hatchery competition by 630 rearing the offspring from each broodstock pair independently; however, the 631 practicalities and costs of this for a hatchery manager may be prohibitive. A more cost 632 effective and practical option may be to opt for full factorial mating where the eggs of all 633 females (if maturing simultaneously) are mixed and divided between a number of 634 raceways, each fertilised by s single male (Environment Agency, 2011), maximising the 635 number of crosses whilst reducing bias in parental contribution by eliminating sperm 636 competition. Sperm competition, however, is a natural process and not allowing this to 637 occur also risks altering the natural selection process. Other factors, i.e. relatedness of 638 individuals and Ne, can be monitored genetically and, ideally, initial pairing decisions 639 could be made following rapid testing of candidate broodstock fish. This will be 640 particularly important when dealing with small numbers of broodstock, but arguably 641 less important and less practical in cases where large numbers (hundreds or 642 thousands) of broodstock fish are to be used. If the relatedness of individuals is 643 known, and pairings are designed it will be more crucial than ever to maintain 644 meticulous hatchery records. Regular monitoring of Ne and sex-bias in hatchery 645 offspring will facilitate improvements in hatchery practices until such time as measures 646 of genetic diversity and effective population sizes are reflective of the broodstock used 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1 
